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L on g du ration o f the B alm er sp ectru m in ex cited h yd rogen
This paper deals with the question of how long the luminosity of hydrogen (Balmer spectrum) lasts after the electric discharge has ceased to pass through the gas.
Results obtained with metallic vapours (Strutt 1914a , suggest th at in their case the duration is much longer than most theoretical discussions of the subject would lead one to anticipate, since mercury vapour, for example, can be made to pass in the luminous condition down long tubes, and it can be shown th at the same applies to other metallic vapours.
Theoretical views as to what hydrogen ought to do are much more definite than in the case of other elements because of the comparative simplicity of the case from the standpoint of wave mechanics. In the present paper the behaviour of hydrogen is examined by experiment. Earlier experiments had led to the doubt whether the usual view could be sustained (Strutt 1917) , and the present more definite investiga tion has confirmed the earlier one. The experiments appear to indicate definitely enough that in this work the fall in intensity in the ratio e : 1 occupies not 10~~8 sec., as found in other investigations, but 10-5 sec. So enormous a factor (1000 times) shows clearly th at the discrepancy is fundamental, and cannot be met by any criticism on points of detail.
A summary by S. Dushman of the literature on this subject will be found in Taylor & Glasstone (1941) . The first and in some respects the most direct experiments on this subject (Wien 1919 (Wien , 1921 were made by taking advantage of the luminosity of the canal rays, and their velocity measured by magnetic and electrostatic deviation. They gave the values 2-3 x 10~8 sec. for and Hy. Slack (1926) has determined the duration of the 2 Ps tate in hydrogen, using excitation with a volta 10-2 which could only excite the first line of the Lyman series. W ithout going into details of his method, it may be said that the radiation was observed photoelectrically, and that its duration was brought into comparison with the time of
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oscillation of a high-frequency circuit of 107 eye./sec. He concluded th at this in tensity fell in the ratio e : 1 in 1-2 x 10~8 sec. Condon & Shortley (1935, p. 135) have given a quantum-mechanical calculation of the duration of the various components of the Ha line. This line is a complex of seven components. These authors give the mean lives (the reciprocals of the total transition probabilities) of each level of the three initial configurations as: I have not attempted to follow in detail the complex train of reasoning by which this result is arrived at. It is in general agreement with the time (10~8 sec.) cal culated by the classical (Hertzian) method (Lorentz 1909) and seems to be strongly supported by the general success of the quantum-mechanical treatm ent of spectra. This quantum theory points clearly to periods not much more than 10~8 sec., and such experimental evidence as is available points to about the same result. The general plan of the present experiments is as follows: The electrodeless discharge is produced by induction in a tube having the form of a square ring. This tube had an annexe or side tube coming out at right angles to one side and of the same bore, through which it was exhausted. The tube is vertical in figure 1 .
Each discharge is of very short duration and of high energy, capable of heating the small mass of rarified gas to a high* temperature with corresponding rise of pressure. The gas squirts out into the vertical exit above mentioned, out of the path of the current, remaining luminous (figure 2, plate 1). It there shows the three hydrogen lines Ha, and Hy. By observing the vertical exit tube with a revolving mirror the upward progress of the luminosity can be traced and its velocity deter mined and the decay of luminosity at various distances along this tube can be measured independently. These data make it possible to determine the time in which the initial luminosity of the gas decays in any given ratio.
In detail the arrangements are these. The discharge without electrodes is induced in an endless tube about 13 cm. square and 1*5 cm. bore (figure 1). Inside this is the primary (exciting) coil consisting of 12 turns or less of thick copper wire, each 10 cm. square. This coil is earthed in the middle. Two condensers and a spark gap are in series with it, the spark gap being connected to a high-potential transformer. The sparks are at the rate of 100 per sec., which is the doubled frequency of the alter nating supply. The spark length between balls was 8*5 mm., corresponding to say 28 kV. The aggregate capacity of the two condensers in series was 7-25 x 10_3/iF. This makes the energy of charge 2-94 x 107 ergs; thus the output of the condensers is 294 W. The power dissipated in the ring discharge was measured by immersing the discharge tube in an oil calorimeter. It was found to be about 100 W, say 0-3 of the output of the condensers. The rest, no doubt, goes almost entirely into the spark in the condenser circuit. The 100 W represents 1 joule or 0-24 cal. at each discharge. The discharges are, however, of very short duration, with relatively long intervals between. The duration may be examined by means of a rotating mirror, applied either to the spark gap in the primary exciting current, or to the low-pressure discharge.
Each discharge, as will be seen, occupies only a very short space of time, and the momentary rise of temperature in the gas can be calculated from the measured energy of a discharge combined with a knowledge of the heat capacity. Thus, taking the volume of the tube as 79 c.c. and the hydrogen pressure as 0*2 mm., the mass of the gas is 1-88 x 10~6 g. The specific heat may be taken as 3*4 cal./g. and the thermal capacity will be 6-4 x 10~6 cal. Thus one discharge will cause a rise of 0-24/6-4 x 10~6 degree or 3-76 x 104 degrees. A great instantaneous increase of pressure is therefore to be expected and the expansion producing the luminous jet is amply accounted for.
It is possible that some who have had experience of the perverse way in which condenser discharges go to earth by any path except where the experimenter wishes, may be suspicious that the prolongation of the luminosity into side vessels, as in figure 2 (plate 1), is not a genuine effect of transport of a stream of gas having residual luminosity, but that it represents an electric current gone astray to-earth. For many reasons I am satisfied that this is not the case. Such stray discharges often occur if a single condenser only is used. The stray discharge is in part superposed on the genuine effect of the jet of luminous gas. They are, however, easily distinguished by several criteria. Stray discharges show a complex spectrum, the so-called secondary (molecular) spectrum of hydrogen, whereas the luminous jets only show the Balmer lines on a black background, and are dominated by the fiery red of the H« line. They are not more than 6 cm. in length. If the channel divides, as in figure 3 , the fiery luminous jets divide also (figure 4, plate 1), but the stray discharge goes down on one side only to the air pump, which forms in effect an earthed electrode. I t also extends through any length of tubing, in contrast to the luminous jets, which only go a short distance.
The best way of getting rid of these effects is to use Lodge's arrangement with two condensers in series with the spark gap, and the exciting coil in the other sym metrical position between the condensers. The exciting coil may be earthed a t the middle, though this is scarcely necessary. The stray discharges then disappear, but the genuine effect remains.
If the light from the spark gap is examined, a long train of oscillations is found, with little damping, the period being (with one of the arrangements used) 1-29 x 10_6see. When the secondary discharge started, the long train of regular oscillations was reduced to 3 or 4 faintly discernible, by far the greater part of the light being in the first discharge or pilot spark.
Long duration of the Balmer spectrum in excited hydrogen

Figure 3
If the light of the induced discharge using nitrogen in the square discharge tube is examined, then 1-93 x 10 6 sec. of total duration, or about H periods, is found. If hydrogen is used instead of nitrogen a complication ensues. In hydrogen the light is persistent owing to the gas remaining luminous, and does not go down to nothing at the minima of the oscillating current. No oscillations can in fact be detected, and if the mirror turns very fast, as is necessary to resolve the oscillations with nitrogen, the light in hydrogen is diluted to the vanishing point, and there is nothing to be seen or photographed. By using a rapid ( //1-9) lens and a larger mirror a luminous trail can be photographed. The initial image with the mirror turning slowly (merely to separate the individual discharges) was 0-1 mm. wide. By turning the mirror at 29 rev./sec., the image was expanded and was traceable for a length of 0-5 mm., representing 1-8 x 10~5 sec. The images (enlarged about 23 times) are represented in figures 5 and 6 (plate 1).
This experiment, only carried out with difficulty, seems to give some indication of a discontinuity of intensity, the later decay being slower. However, it shows clearly enough th at the duration is much more than can be reconciled with the received view th a t the time is of the order 10~8 sec. I t is generally confirmatory of the more satisfactory experiment described below.
A point of interest is the very high instantaneous value of the power dissipated in the discharge tube. Taking the duration of each discharge of the condenser as 1-93 x 10~6 sec., and the number of discharges as 100 per sec., the discharges occupy only 1-93 x 10~4 of the whole time: and the power dissipated during the progress of an individual discharge is 100/ 1*93 x 10~4 W, or 520kW.
This enormous figure for the power dissipated in a vacuum discharge tube excited in this way came as a surprise to me, and is perhaps not generally realized. I t helps to account for the distinctive character of condenser discharges in spectroscopy. Since the duration of 1*93 x 10~6 sec. includes 1 | complete oscillations, it is evident th a t the true maximum power must be several times th a t calculated.
In order to measure the velocity, a slit 0*5 mm. wide was placed in front of the tube; this was photographed with a Dalmeyer cinema lens of //1*9 aperture and Ilford Astra V II plates which are specially sensitive to H a fight. The image on the plate was 0*085 actual size. A revolving mirror (silver on glass) was placed in front of the lens, it being large enough to fill the lens aperture with fight. The rate of rotation was 33 rev./sec. The displacement of the image by a given rotation was measured directly on the ground glass of the camera, giving the mirror a small rotation by means of a distance piece of known thickness. I t was found th a t 1 cm. displacement of the image corresponded to 0*07 radian or 3*39 x 10~4 sec. of time.
The discharges occurring a t the rate of 100 per sec., a considerable number of them were photographed a t each exposure. The direction of the slit was recorded by rotating the mirror very slowly through one revolution by hand. Such a slow ro ta tion serves to separate the discharges but does not give any indication of the velocity of the gas impelled along the tube by a discharge, which velocity is, <in these conditions, to be regarded as infinite in comparison.
Having made a preliminary exposure with slow rotation, the motor is started and the mirror run at a standard speed of 33 rev./sec. Another exposure is given, super posed on the former one. On development, numerous images from both exposures are seen, those at slow speed being almost uniformly spaced, and the others inter polated a t random among them (figure 7, enlarged, plate 1).
A specially clear photograph selected from another plate is reproduced in figure 8 , (plate 1). I t is easy to distinguish the exposures made with the mirror running at full speed, which are inclined a t a small but quite perceptible angle to those made with the mirror going very slowly. This obliquity is the basis of measurement. Measurement is made to the sharp left-hand edge of the photographed image. This edge records the time at which the luminous gas first reaches a given height. The obliquity was measured as 4*5° by means of a low-power microscope, making settings on the fines by a spider thread in the rotating eyepiece. The result is regarded as correct within 0*5°. As the luminosity progresses along the tube the mirror rotates, and the image is displaced through an appreciable distance.
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On the scale of the original photograph 1 cm. horizontal represents 3*39 x 10~4 sec. of time; 1 cm. vertical represents 11-8 cm. of distance. The observed slope of 4*5° is equivalent to 1 cm. vertical for 0*08 cm. horizontal.
This gives for the velocity with which the luminosity advances 11*8/0*08 x 3*39 x 10-4 or 4*36 x 105 cm./sec. (It may be mentioned for comparison th at the velocity 4*36 x 105 cm./sec. above calculated would be the velocity of atomic hydrogen in temperature equilibrium a t 768° abs. or 495° C.)
The luminosity in the vertical exit tube (figures 1,2) was examined as follows: A plate was prepared with a line of small (2 mm.) holes a t intervals of 1 cm. A neutral glass reducing the fight nearly in the ratio e : 1 was placed over the first of these holes, and this was placed over the entrance of the vertical exit tube (figures 1, 2). The second hole, with no opaque glass, was brighter, but the difference was less in each successive hole, and a t the fifth hole (4 cm. from the first) the unscreened luminosity was judged equal to the initial luminosity reduced by the opaque glass.
I t appears then th a t the luminosity is reduced in the ratio e : 1 after a distance of 4 cm.
A t the velocity 4*36 x 105 cm./sec. this represents a time interval of 0*92 x 10_5sec., or, say, about 10~5 sec. I t is not asserted th a t after another 10~5 sec. the intensity will have again fallen in the same ratio. The indication is rather th a t the fall will be more rapid.
As will be seen by inspection of figure 2 on plate 1, the luminosity in the vertical side branch tapers out to a conical end. This seems to show th at it is lost by diffusion of the luminous centres to the walls of the tube, when they become extinguished. This cause of extinction is superposed upon the decay of luminosity in the body of the gas. Owing to the complication introduced by this wall effect, it is scarcely feasible to study the exact law of decay by photometric measurements along the tube.
The rate of decay is not exactly the same for the various fines of the Balmer series. A greenish blue fringe is sometimes seen near the limit of the exuded luminosity, and examination with a direct-vision prism shows th at this is due to the tongue of luminosity being a little longer in the fight of than in th at of H a or H y. This is somewhat strange, as one would expect regular progress along the series. The difference of behaviour of the fines is not very marked, and indeed has not always been noticeable. I have not determined what are the best conditions for observing it.
I t is clear from the above th a t for the Balmer fines in general at least 10~5 sec. is required for the luminosity to sink to 1/e of its actual initial value, under the con ditions used. This is a thousand times greater than the period (10-8 sec.) usually assigned from theoretical considerations, and from Wien's experiments on the luminosity in the track of positive rays.
While no attem pt is made to account for this, the evidence has been reproduced in a way which, it is hoped, will give the reader the opportunity to form his own opinion of it, and to weigh it against the theoretical objections. Lord Rayleigh E x p l a n a t i o n o f P l a t e 
